Mitochondria contain an autonomous and spatially segregated genome. The organizational unit of mitochondrial genomes is the nucleoid which consists of mitochondrial DNA (mtDNA) and associated architectural proteins. The physical properties and mechanisms of assembly of mitochondrial nucleoids remain largely unclear. Here, we show that mitochondrial nucleoids form by phase separation. Mitochondrial nucleoids exhibit morphological features, coarsening behavior, and dynamics of phase-separated structures in vitro and in vivo. The major mtDNA-binding protein TFAM spontaneously phase separates in vitro into viscoelastic droplets with slow internal dynamics, and the combination of TFAM and mtDNA is sufficient to promote the in vitro formation of multiphase structures with gel-like properties, which recapitulate the in vivo behavior of mitochondrial nucleoids in live human cells. Enlarged phase-separated mitochondrial nucleoids are present in the premature aging disease Hutchinson-Gilford Progeria Syndrome (HGPS) and altered mitochondrial nucleoid structure is accompanied by mitochondrial dysfunction.
Main Text
Mitochondria are the major sites of cellular energy production through oxidative phosphorylation and generation of ATP. Within each mammalian cell, mitochondria contain several hundred copies of a 16.6 kb circular genome 1,2 . Unlike the nuclear genome, mitochondrial DNA (mtDNA) is not organized by histones, but is packaged by a distinct set of proteins into nucleoprotein complexes to form mitochondrial nucleoids (mt-nucleoids) 2, 3 . These structures are typically uniformly ~100 nm in size and lack delimiting membranes 4, 5 . The major mt-nucleoid packaging factor in human cells is the mitochondrial transcription factor A (TFAM) 2 , which has been shown to bind and compact mtDNA in vitro into nucleoid-like structures [6] [7] [8] . However, beyond the direct binding of TFAM to mtDNA, it remains largely unknown how the higher-order morphological features of the mitochondrial genome emerge and contribute to function.
Mitochondrial defects are prominently linked to cellular and organismal aging as mitochondria are the main producers of reactive oxygen species (ROS) in the cell 9, 10 , and the generation of an oxidative cellular environment during aging is thought to be deleterious to mitochondrial function as well as their genomes 11, 12 . Moreover, mtDNA mutations accumulate during normal aging 10, 13 , and elevated mutation levels of mtDNA cause premature aging phenotypes 14, 15 . Consistent with mitochondrial defects in aging, we noticed the accumulation of TFAM in enlarged mt-nucleoids in multiple skin fibroblast cell lines from patients with the rare premature aging disorder Hutchinson-Gilford progeria syndrome (HGPS) compared to control lines (Fig. 1, Fig. S1 ) 16-18 19,20 . High-throughput spinning-disc confocal microscopy revealed mitochondria with typically tubular, elongated shapes, forming interconnected networks throughout the cytoplasm in normal control cells (Fig. 1a, Fig. S1l, m) , whereas in HGPS patient cells, mitochondria were frequently locally swollen, spherical in shape and isolated from the surrounding mitochondrial network ( Fig. 1b, Fig. S1n-q) . The extent and number of enlarged mitochondria correlated with disease progression and they were also sporadically, but with much lower frequency, observed in control cells ( Fig.   1c ). Analysis of enlarged mitochondria by high-resolution Structured Illumination Microscopy (SIM) imaging revealed that in morphological aberrant mitochondria mt-nucleoids clustered together into structures that were considerably brighter and larger than the typical 100 nm nucleoids found in normal mitochondria ( Fig. 1d-g) . Several mt-nucleoid markers, including mtDNA and the major mtDNA-packaging protein TFAM, were locally enriched in the atypical mitochondria ( Fig. 1f ,g; Fig. S1h ,i,l-q), while total TFAM and mtDNA levels were not altered in HGPS cells ( Fig. S1e-g) . These observations document the enrichment of a population of morphologically aberrant mitochondria and enlarged mt-nucleoids in HGPS cells.
Mitochondrial nucleoids are known to undergo frequent fusion and fission events in vivo 21 , and enlargement and remodeling of mt-nucleoids are prominent cellular responses to stress, including after exposure to DNA intercalating agents or phototoxic stress 22 . To characterize in vivo the enlargement of nucleoids, such as seen in HGPS cells, we visualized nucleoid remodeling in living HeLa cells expressing TFAM-mKate2 upon induction of phototoxic stress in combination with a DNA intercalating agent 23 Numerous ribonucleoprotein and nucleoprotein complexes spontaneously self-assemble into non-membrane bound cellular bodies, or biomolecular condensates, via liquid-liquid phase separation 25, 26 . The canonical examples of RNA-protein bodies include the nucleolus in the nucleus 27, 28 as well as P-granules 29 and stress granules 30 in the cytoplasm. In addition, DNA-protein complexes can phase separate, such as the heterochromatin protein HP1 in the context of heterochromatin 31, 32 , histones to form chromatin domains 33 , or super-enhancers which form active transcriptional hubs 34 . To test if liquid-liquid phase separation drives mt-nucleoid assembly, we investigated the ability of the main nucleoid packaging protein TFAM to undergo phase separation in vitro (see Supplementary Information). TFAM phase separated into spherical droplets upon low salt conditions and at protein concentrations of ≥5 M TFAM ( Fig. 2a, Fig.   S2d ). Droplet formation was reversible upon increasing salt concentration ( Fig. S2e ). After 30-60 min post-mixing, droplets coarsened to sizes of ~1-5 m and sedimented towards the bottom of the imaging chamber ( Fig. 2a ). The TFAM concentrations required for phase separation in vitro were well within the estimated physiological range inside the mitochondria of ~10 M 4 (see Supplementary Information) .
We performed a series of biophysical assays on TFAM droplets to probe their material properties. Photobleaching revealed slow dynamics with a characteristic time scale of 6.5±0.5 minutes and an immobile fraction of 0.5±0.2, indicative of viscoelastic behavior ( Fig. 2b , Supplementary Video 4). Similarly, timelapse images of TFAM droplets undergoing coalescence events also displayed slow dynamics with time scales of several minutes, giving rise to an inverse capillary velocity of 80±20 s/µm ( Fig. 2c ). Although the droplets had the propensity to relax upon contact, the average aspect ratio upon fusion was 1.36±0.04, which deviated from that of a sphere (AR=1.0) ( Fig. S2f ). Finally, introducing dextran-FITC of varying size as an inert probe to sample the physicochemical environment of the droplets demonstrated that small particles of ≤1 nm preferentially accumulate within the droplets, while increasing probe size corresponded to significantly reduced partitioning ( Fig. 2d ). These properties are indicative of a characteristic pore or mesh size of ~1 nm, suggesting the presence of a polymer meshwork forming amongst individual TFAM molecules within the droplets. These biophysical properties suggest that TFAM molecules form an entangled polymer meshwork or gel with markedly slow internal arrangements and signatures of viscoelasticity.
To dissect the molecular features of TFAM responsible for phase separation, a set of TFAM mutants was analyzed for their phase separation behavior in vitro. TFAM contains two DNA-binding High Mobility Group (HMGs) domains separated by a disordered linker domain and flanked by an intrinsically disordered C-tail, together forming a relatively flexible chain ( Fig. S2a) 35 . Additionally, TFAM is one of the most highly charged proteins in the mt-nucleoid ( Fig. S2c ) and is primarily enriched in positive amino acids distributed throughout the length of the protein (Fig. S2b ). In phase separation assays, the HMGA domain alone failed to form the typical micron-sized droplets formed by full-length TFAM, but assembled into small puncta near the diffraction limit even at high concentrations ( Fig. 2f ,g, Fig. S2g ,h). Maintaining half of the protein, either by adding a linker to HMGA (HMGA+linker) or with the analogous HMGB+C-tail mutant, restored droplet formation, albeit at higher saturation concentrations than full length TFAM, suggesting that multivalency seen in the full-length protein lowers the barrier for phase separation and that the addition of a disordered domain to HMGA promotes phase separation ( Fig. 2f To probe the interplay of mtDNA and TFAM in phase separated mt-nucleoids as would occur in the context of mitochondria, we probed the in vitro phase separation behavior of TFAM in the presence of mtDNA ( Fig. S3a,b ). As expected, mtDNA (0-100 ng/ul) on its own did not phase separate, but when combined with TFAM at concentrations that support phase separation (5 M), mtDNA readily partitioned into droplets. Importantly, the presence of mtDNA significantly affected droplet formation and morphology ( Fig. 3a, Fig. S3c ). At a DNA/TFAM mass ratio of ~0.3, which corresponds to estimates of their physiological ratio 4 (see Supplementary Information), TFAM and mtDNA readily formed droplets ( Fig. 3a, Fig. S3c ). At high mtDNA/TFAM ratios of >0.3, droplets ceased to form, potentially due to saturation behavior (Fig. 3a, Fig. S3c ). For ratios of mtDNA/TFAM≤0.3, the aspect ratio of the droplets notably increased with increasing ratio of DNA/TFAM mass concentrations (Fig. 3b ). For mtDNA/TFAM<0.1, the number of droplets increased with increasing mtDNA/TFAM levels ( Fig. 3b inset), suggesting that mtDNA can potentiate droplet formation under those conditions, possibly acting as a nucleating agent and paralleling how RNA drives phase separation when added to RNA-binding proteins 36 . ssDNA, dsDNA, and RNA as well as free nucleotides (dNTPs) also supported TFAM droplet formation (Fig. S3d-s) . Interestingly, ssDNA and dsDNA resulted in even more pronounced gelation than observed with mtDNA, underscoring the specific interaction between TFAM and long polymerized strands of DNA, irrespective of sequence ( Fig. S3d-u) . These findings demonstrate that the material properties of the droplets depend on DNA/TFAM composition where increasing DNA favors gelation.
To probe how mtDNA localizes within the droplets, we performed SIM imaging on TFAM-mtDNA droplets containing increasingly higher concentrations of mtDNA. mtDNA is not uniformly distributed, but de-mixes from the majority of TFAM within the droplet ( Fig. 3c-g) , consistent with multiphase behavior seen in other multi-component phase separating systems, such as the nucleolus 27 . Multiphase organization was observed with both ssDNA and dsDNA, but not with dNTPs nor RNA ( Fig. S3j-s) . To characterize the dynamics of multiphase TFAM-mtDNA droplets, fluorescence recovery after photobleaching (FRAP) demonstrated that TFAM was able to diffuse within TFAM-mtDNA droplets with similar recovery behavior as in pure TFAM droplets (Fig. 3h,j, Supplementary Video 5) . In contrast, on these timescales, mtDNA within the droplets remained strikingly immobile (Fig. 3i,j, Supplementary Video 5 ), suggesting that the mtDNA molecules within the TFAM-mtDNA droplets determine the time scale for relaxation of the droplets, while also explaining the observed non-spherical shapes at high mtDNA/TFAM ratios.
Moreover, the observed dynamics are consistent with the multiphase sub-structure of these droplets.
To test if the in vitro phase-separation behavior of TFAM and mtDNA reflects the dynamic properties of nucleoids in vivo, mt-nucleoids in HeLa cells expressing TFAM-mKate2 were photobleached. They exhibited very low recovery (immobile fraction = 0.90.3) ( Fig. S4a, Supplementary Video 6 ), indicative of very limited exchange of TFAM between the mt-nucleoid and the mitochondrial volume, and consistent with the very low concentration of free TFAM 37, 38 . However, the ability of TFAM to rapidly diffuse within a nucleoid became evident when bleached nucleoids fused with a neighboring unbleached nucleoid resulting in rapid exchange within the coalescing droplet ( Fig. 4a,b, Supplementary Video 7) . Furthermore, overexpression of TFAM-mKate2 to high levels in HeLa cells led to formation of enlarged nucleoids ( Fig. S4e,f) and photobleaching a small spot within the enlarged nucleoid ( Fig. 4c,d , Supplementary Video 8) gave rise to rapid recovery of ~7020% of signal further indicating high mobility of TFAM within mt-nucleoids ( Fig. 4e) . These dynamics and recovery features are comparable to the gel-like material properties of TFAM droplets in vitro. Resolving the structure of the enlarged nucleoids in HeLa cells using SIM ( Fig. 4f -i) demonstrated a range of nucleoid sizes, reaching up to a few microns in length. The mtDNA localization within these enlarged nucleoids had similar multiphase organization as observed in TFAM-mtDNA droplets in vitro (Fig. 4g-i) . This non-uniform structure is consistent with the layered organization deduced from biochemical analysis 39 . Based on these results, we conclude that the in vitro properties of TFAM-mtDNA multiphase structures reflect the underlying physics of mitochondrial nucleoids in vivo.
To finally assess whether the phase-separation properties of mt-nucleoids are related to mitochondrial function, we probed mitochondrial activities in HGPS cells which are enriched for enlarged mt-nucleoids ( Fig. 5 ). Single molecule FISH for probes targeting mt-12S and mt-COI RNA demonstrated enrichment of mt-RNA transcripts in enlarged nucleoids proportional to local TFAM levels ( Fig. 5a-b, Fig. S5a-g) .
RNA transcripts generated in enlarged mt-nucleoids localized along the perimeter of the mitochondrial membrane, but did not colocalize with nucleoids, suggesting that nucleoids and mt-RNA granules exist as distinct structures, and potentially immiscible phases, of (ribo)nucleoproteins ( Fig. 5c-f ). Similar increased transcriptional activity of enlarged mt-nucleoids was evident when nascent transcription was measured by using BrU incorporation (Fig. S5h-n) . Enlarged phase-separated mt-nucleoids were also associated with altered mitochondrial metabolic functions (Fig. 5g ). Basal mitochondrial respiration, maximal respiration and reserve capacity were reduced in HGPS fibroblasts containing enlarged mt-nucleoids compared to isogenic non-affected fibroblasts (Fig. 5h-j) , indicating functional impairment of mitochondrial oxidative phosphorylation and ATP regeneration. Furthermore, HGPS fibroblasts from older affected donors had elevated mitochondrial ROS and membrane potential compared to young HGPS or unaffected proband control fibroblasts (Fig. 5k,l) . These observations demonstrate that the presence of enlarged mt-nucleoids generated by phase separation is accompanied by mitochondrial dysfunction.
Our results show that mitochondrial nucleoids form by phase separation. Considering the recent evidence for a role of phase separation in the formation of nuclear DNA and chromatin domains, including heterochromatin [31] [32] [33] , our observations point to a broad role of phase separation in organizing DNA. Since mitochondria are derived from prokaryotes, which arrange their DNA into analogous nucleoids, phase separation may be an evolutionarily conserved mechanism for the organization of genetic material. In support, bacterial nucleoids have been described to behave as fluids 40 , and some bacterial nucleoprotein complexes also undergo liquid-liquid phase separation 41 . Moreover, mitochondrial nucleoids may not be the only example of phase separation within the mitochondria, as mitochondria have also been reported to contain various RNA granules 42, 43 .
Our mutational analysis of the major mt-nucleoid protein TFAM suggests a model in which weak interactions along the flexible backbone of TFAM promote phase separation, and in the presence of DNA, the HMG domains of TFAM each bind DNA by intercalating into the helical strand, and together, further bend and stabilize the DNA fiber ( Fig. S3b) 35, 44 . While the ability of TFAM to bind DNA is well characterized 8, 45, 46 , binding alone does not explain the higher-order structural features of mt-nucleoids such as their uniform size and shape, and their dynamic emergent properties, including liquid-like fusion events and internal rearrangements. Our findings demonstrate that individual TFAM molecules have a propensity for self-assembly into a separate protein-rich phase within mt-nucleoids, generating a gel-like polymer meshwork that constitutes a nucleoid matrix. This physical model supports a platform for other known mt-nucleoid associated proteins to partition into these dynamic, yet persistent, structures 39 . Importantly, the phase behavior of TFAM and mtDNA accounts for the observed morphological features of mt-nucleoids as discrete, non-membranous entities within mitochondria, their viscoelastic dynamics in vivo, and their ability to reach sizes larger than 100 nm as observed in HGPS cells. This physical model complements the previous self-assembly studies of TFAM and mtDNA into nucleoid-like structures under dilute conditions 8, 45, 46 . Our results finally suggest that phase separation properties are related to mitochondrial function, including transcription and metabolic activity. It is possible that phase separation may provide a functionally protective role relevant to preventing the deterioration of the mitochondrial genome as observed in aging, whereby the formation of a proteinaceous layer around mtDNA may ensure mtDNA sequence integrity over time. Taken together, our observations suggest that phase separation is an evolutionarily conserved mechanism for nucleoid biogenesis and that the physical properties of nucleoids are essential to ensure mitochondrial function. 
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